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Abstract In this letter we employ recent results on grav-
itationally induced parity violation with a rotating torsion
pendulum whose test bodies are quartz enantiomers (Zhu
et al. in Phys Rev Lett 121:261101, 2018) in order to esti-
mate, using a simple model, Hari Dass’s α2 constant which
parametrizes the strength of parity violation in the gravita-
tional interaction. The result here obtained, α2 ∼ 1017, is in
agreement with estimations based on high resolution exper-
iments performed using chiral molecules, showing that the
Hari-Dass’s framework for spin-dependent gravity, together
with our simple model, are versatile enough in order to be
applied to the analysis of other experimental results involv-
ing spin-dependent gravitational effects. Interestingly, it can
also be used to constrain indirectly parity-violating effects
in macroscopic samples of quartz crystals due to electron–
nucleon interactions.
1 Introduction
Symmetries have played a protagonic role in the evolution of
Physics. In particular, the importance of discrete symmetries
within Quantum Field Theory can be summarized in the CPT
theorem [1], which deeply links Lorentz invariance, the spin-
statistics theorem and the conservation/violation of charge
conjugation (C), parity (P) and time reversal (T). Moreover,
the discovery of weak interaction effects in particle physics
[2] paved the way for the study of left-right symetry break-
ing (P violation) in more complex systems such as nuclei [3]
and atoms [4–6]. Interestingly, at present, P violation effects
in molecules have not been observed, although considerable
efforts are being pursued by several groups, both in diatomic
[7] and polyatomic systems, including chiral molecules [8].
Concerning these last ones, there is a long standing interest
in the possible role played by P violation in chiral molecules
and biological homochirality (see, for example, the recent
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reviews [9,10] and references therein), being this a very
important open problem which could link Physics, Chem-
istry and Biology at a very fundamental level.
Regarding discrete symmetries, on the one hand, one of the
main ingredients of the Standard Model of Particle Physics,
which is one of the pillars of modern Physics, is P violation.
On the other hand, General Relativity (GR), the other side of
the coin, does not incorporate P violation although some of
its extensions, with emphasis in Chern-Simons gravity (see
[11] for a review), do. Interestingly, these and other P-odd
gravitational effects could be tested in the near future by
searching for amplitude birefringence in gravitational wave
propagation [11,12], for signals in the cosmic microwave
background [13] and in the cosmological redshift [14], and
by solar system observations [15], among others, which could
serve to test some of these extensions to GR [16].
Apart from these astrophysical or cosmological tests of
gravitational P violation, there have been Earth-based exper-
iments trying mainly to test short- and long-range spin-
dependent gravitational forces [17]. These gravitational P-
odd effects are of extraordinary importance because they
break the equivalence principle, thus leading to a failure of
GR [18]. In fact, the equivalence principle could be violated
if new particles or interactions exist [19–23]. The best labora-
tory tests of the equivalence principle in terms of the Eötvös
parameter, η, provide η ∼ 10−13 [24,25] but space missions
give η ∼ 10−14 [26,27]. Very recently, a new test of the
equivalence principle designed to search for possible gravi-
tational P violation using test bodies with different chiralities
has been reported [28], giving η ∼ 10−13, and opening a new
way to search for both P-odd gravitation and for a possible
role played by a hypothetical gravitational P-odd interaction
in establishing molecular homochirality [10,29], whose ori-
gin remains as one of the most intriguing problems [30]. In
addition, as pointed out by the authors of Ref. [28], these
results could be used to set constraints on some parameters
of P-odd gravitational potentials.
0123456789().: V,-vol 123
  574 Page 2 of 5 Eur. Phys. J. C           (2021) 81:574 
The purpose of the present letter is, following the sug-
gestion raised in [28], to obtain bounds on some models
which incorporate long-range gravitational P violation in the
weak field regime by using the recent experimental results
reported in Ref. [28]. This manuscript is organized as follows:
Sect. 2 introduces a modified Newtonian potential which
incorporates P-odd effects, showing that it can be classi-
fied as a truly chiral influence [31] and comparing it with
some other models which consider gravitational P viola-
tion, including some comments on bounds on gravitational P
violation obtained using high resolution spectroscopic tech-
niques in chiral molecules [32]. In Sect. 3 we estimate a new
bound on gravitational P violation by using a rotating torsion
pendulum which carries macroscopic chiral test masses and
final remarks are left to Sect. 4.
2 Parity-violating corrections to the Newtonian
potential
To the best of our knowledge, Leitner and Okubo were the
first to inquire whether or not correlations between P viola-
tion in the weak interaction and its corresponding weakness
could be extended to gravitation, proposing a parametrization
to the Newtonian potential which includes terms which vio-
late C, P and T symmetries [33]. Some years after that, Hari
Dass introduced [34–36] a different (but also phenomeno-
logical) parametrization which, assuming CPT conservation,
included P and T, C and P and C and T violation in an extended
Newtonian potential.
Under weak field conditions, let us assume that test parti-
cles are nonrelativistic. Then, maintaining only terms in the
interaction energy that are linear in the expectation value of
the particle spin, s, and that are consistent with rotational and
translational invariance and the dimensionality of the (only)
gravitational coupling constant, we arrive at (c = 1) [36]





+ α2 s · v
r2




where v is the expectation value of the particle relative to a
mass M which sources the gravitational field (the Earth in our
case), being r the expectation value of the relative position
of this particle. The αi dimensionless constants parametrize
the strength of discrete symmetry violations.
Let us remark that the nature of the couplings of the spin
to gravitational fields is of extraordinary importance to our
understanding of the microscopical structure of gravity. In
particular, it is our interest to fix our attention in the α2 term,
which gives rise to gravitational P violation and also to a
violation of the equivalence principle [54]. Even more, this
term is the only one which constitutes, using Barron’s widely
accepted definitions [31] a truly chiral influence: true chiral-
ity is exhibited by systems that exist in two distinct enan-
tiomeric states that are interconverted by space inversion but
not by T reversal combined with any proper spatial rota-
tion [31]. Therefore, following Barron, the s · v term can lift
the degeneracy between objects of different chirality. On the
contrary, the α1 term, is P- and T-odd but PT-even and, there-
fore, is classified as a falsely chiral influence. An interesting
example of a falsely chiral influence is the axion-mediated
electron–nucleon interaction [37,38].
We would like to note that, from the experimental side,
upper bounds on α2 have been estimated both from astro-
physical measurements [39–41] (α2 < 1021) and from exper-
iments with chiral molecules [32] (α2 < 1017) and ultracold
neutrons [43] (α2 < 3 · 1010).
Finally, in order to put some bounds on P-odd gravity,
let us remark that the key point is to note that there is a P
violating energy difference (PVED) between objects with
different chirality (enantiomers) due to the α2 term of the
gravitational potential. Specifically, the P-odd gravitational
energy difference between left (L) and right (R) molecular
enantiomers is given by [32]






where me stands for the mass of the electron and χ(xi ) refers





d3x2 . . . d
3xNψ
†(x, x2, . . . , xN , s1, . . . sN )
×(se · pe)ψ(x, x2, . . . , xN , s1, . . . sN ), (3)
where Ne is the total number of electrons of the sample and
pe their linear momentum, ψ being the many-electron wave
function with electron spatial coordinates xi and spin coor-
dinates si . It is important to note that in the latter equation,
the corresponding electronic chirality has to be computed at
each point of the sample.
As a side remark we note that, in addition to this phe-
nomenological P-odd long range gravitational potential,
there are some models beyond GR which include the cou-
pling of fermionic degrees of freedom to gravity in the pres-
ence of a non-vanishing torsion. Interestingly, these models
give place to P-odd contact potentials which, in the non-
relativistic limit, involve also the electron helicity, as in the
electroweak case [45], but this time the coupling constant
turns out to be G instead of Fermi’s constant, GF . Specifi-
cally, a non-minimal fermionic coupling to gravity in pres-
ence of torsion give rise to an effective weak charge given
by [46] QG = −9
√
2β(Z + N ) GGF , where Z and N are the
number of protons and nucleons of the sample, respectively,
β = 2γα
γ 2+1 being γ the Barbero–Immirzi parameter. The
parameter α = 0 implies the aforementioned non-minimal
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coupling [46]. Concerning the experimental detectability of
this effect, atomic P violation experiments show an exper-
imental constraint on β which is β < 1030 [47]. In addi-
tion, non-conclusive searches for the PVED between the
two enantiomers of the bromochlorofluoromethane molecule
have been used to obtain β < 1016 [32] which is, to the best
of our knowledge, the most stringest bound on P-odd contact
gravity.
3 Bounds on α2
The key point in order to obtain stringent bounds on gravi-
tational P violation is to work with a macroscopic sample of
chiral electrons due to the linear growing of the electron chi-
rality with Ne, χ ∼ Ne. The importance of Ne can be shown,
for instance, by comparing Heckel’s et al. results on P-odd
long range interactions (non-necessarily linked with grav-
ity) using a torsion pendulum with Ne ∼ 9 · 1022 and those
by Bargueño et al. considering Ne ∼ 102 for a single bro-
mochlorofluoromethane molecule. In the first case, a hypo-
thetical dimensionless P-odd coupling constant is ∼ 10−57
while the second approach leads to ∼ 10−4 [32].
In this sense, Zhu’s et al. recent experimental results
concerning gravitational P violation turn out to be essen-
tial. In Ref. [28], the authors report the first measurements
of P-odd gravity using two enantiomeric quartz crystals as
their test masses, obtaining that the difference in the accel-
eration of left- and right-handed crystals towards Earth is
a = −1.7 ± 4.1(stat) ± 4.4(syst) 10−15 m s−2 (1-σ statis-
tical uncertainty) and thus paving the way for the search for
possible P-odd effects in gravity.
In order to estimate some bounds on α2 using Zhu’s et
al. recent results, let us make the following approximations.
First, the total number of electrons of the sample is estimated
as follows: the two chiral quartz crystals (SiO2) are machined
into 1.5 cm3 cubes [28]. Therefore, considering that the aver-
age molecular size is ∼ 1 Å, the pendulum contains ∼ 1024
molecules. As the number of electrons for a single SiO2
molecule is 30, the total number of electrons contained in
the pendulum is Ne ∼ 1025. At this point we make an impor-
tant approximation: all of these 1025 electrons are chiral. We
base this assertion on the basis that P-odd effects have been
computed in quartz showing that contact electroweak P-odd
interactions, which are based on the electron helicity oper-
ator, produce an energy splitting between different quartz
enantiomers [48–50]. Second, in order to calculate EPVα2 ,
we employ the same approximation we used in Ref. [32]
concerning the electron chirality. Although this quantity can
be calculated using very accurate ab initio methods, a rough
estimate can be made by taking
Table 1 Experimental bounds for the α2 parameter. See text for details
α2 References Method
≤ 1021 [39–41] Astrophysical measurements
≤ 1017 [32] Spectroscopy with chiral molecules
≤ 1010 [43] Ultracold neutrons




h̄v⊕ ∼ 10−31Neα2v⊕c−1 (eV), (4)
where the constants c and h̄ have been explicitly introduced,
R⊕ and M⊕ stands, respectively, for the radius and mass of
the Earth and 〈ve〉 is the surface velocity of the Earth, as we
revolve about the center. And third, by considering that the
difference in the energy of left- and right-handed crystals is
roughly that of the equivalence-principle violating torque,
τ , appearing in the pendulum (here we consider τ as the
only characteristic gravitational P-odd energy scale), we have
that EPVα2 ∼ τ . Then, after considering that τ ∼ pca,





Taking a crude estimation of the surface velocity of the Earth
as v⊕ ∼ 10−10c and remembering that Ne ∼ 1025, we get
α2 ∼ 1017. (6)
At this point a couple of comments are in order. (i) The esti-
mation [55] here obtained has to be taken with caution due to
the fact that we have considered that all the electrons of the
sample are chiral, while a better approximation can be done
by considering that only the electrons situated in external lay-
ers of the molecule, which are more delocalized, are chiral.
This is linked with the crude estimation of the chirality of the
sample, which is one of the key points. In this sense, due to
the overestimation of the chirality, Eq. (6) might be taken as
a lower bound; (ii) the result here obtained for α2 coincides
with that estimated in Ref. [32] using spectroscopic results of
a single bromochlorofluoromethane molecule but is still far
from that found using experiments with ultracold neutrons
[43] (see Table 1).
4 Final remarks
On the one hand, from the previous discussion in Sect. 3,
we think that it would be difficult to obtain tighter bounds on
α2 using the kind of experiments reported in [28], although
working with a large number of chiral electrons or improving
some technical features of the experimental setup might be
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useful, as commented in [28]. However, as we have employed
a very simplified theoretical model in order to calculate both
the electron chirality and the number of chiral electrons of
the sample, we think that there is still room for improvement
by using high level ab initio techniques or more sophisticated
models such as those presented in [50]. In addition, the use
of other macroscopic sources whose electroweak P violating
effects are well studied, such as the Chiral Oxorhenium(V)
Complexe [51], for example, could serve to improve the cur-
rent bounds on gravitational P violation.
On the other hand, note that electroweak effects are of fun-
damental importance because, if gravity does not conserve
P, then it would couple differently to left and right handed
quartz crystals. Very importantly, the property of these crys-
tals that is being tested is exactly the electron chirality of
the sample. Therefore, as this quantity is non-zero due to the
the electroweak interaction between electrons and nuclei of
quartz, in order for gravity to couple in a different way to left-
and right-handed crystals there should be a P-odd factor in
the gravitational interaction. From a phenomenological point
of view, Hari Dass’s potential incorporates it and, therefore,
their effects could serve as an indirect confirmation of elec-
troweak effects inside quartz, whose effects in establishing
homochirality on Earth are still under debate [52,53].
Finally, we would like to remark that the estimation here
obtained for α2 employing using recent experimental results
provided by a chiral torsion pendulum [28] at 1-σ statis-
tical uncertainty using the Earth as the source is compat-
ible with that obtained using ultracold neutrons at a 95%
CL using the Sun as the source [43]. In this sense, we think
that the Hari-Dass’s phenomenological description for spin-
dependent gravity [34–36], together with the simple model
we have presented, are versatile enough in order to be applied
to the analysis of other experimental results involving spin-
dependent gravitational interactions.
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